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1. Motivation and objectives

Buoyant flows pla.y an iml)()rtant r()le in vari()us techn()h)gical and envir()nntental

issues. F()r example, dispersal of pollutants, sm()ke, or volcano exhaust in the

a.tmosi)here, vertical moti(m of air, forlnation ()f chmds and ()ther weather systems,

and fl()ws in c()()ling towers and fires are all det(,rmined 1)rimarily 1)y lm()yancy

effects. Tit(' l)u()yancy f()r('e in such flows can originate front either a heat Sollrc(" ()r

due t()(lifferentdensitiesl)etween a fluidan(|itssurr()undings.Whatever the cause,

the fl()w can be understoo(1 by studying the effects of the tight ('()uI)ling between

the tltermal and the velocity fields since density differences can be characterized as

tenlperature differences.

Heat addition to turbulent flows always lea(Is to very complicated behavior,

greatly affecting their structure and entrainnwnt characteristics. Heat can be added

in :::any different ways into a. flow; for examl)le: at the source, or off-source. These

two meth(>(ls of heat ad(liti()n can have very different effects on the (teveh)l)ment

of the flow. Basu & Narasimha (1999) studied the effects of off-source volumetric

heating (similar t.() that due to latent heat release in a ch)u(l, f()r examt)le) using

Direct Nmnerical Simulation (DNS) ()f a circular jet-like fl()w and fl)und that the

large-scale structures break d()wn an(1 el:trai:unent is inhit)ited. Here we look at a

r()mtd turl)ulentl)lume with l)()thm()nlent:un and b::oya.n('yadded at the source,

using the tools (>f Large Ed(ly Sinmlati()n (LES).

Similarity s()luti()ns ()f turt)uh'nt circular 1)hunes have been 1)r()l)osed in the t)ast

by Zeldovich (1937) and Batcheh)r (1954)1)ased on the B(>ussinesq hyp()thesis, which

assumes that the (lensity changes in the flow are sn:all c()mi)ared t() tile ambient

density, an assumption that is valid in regions away h'om the I)hm:e source. In a

neutral environment (no change in ambient density with height), the mean vertical

veh)city and 1)::oya.l:cy acceleration are given resl)ectively t)y:

l'l: F 213_-11:3 4_ r-sh_. ,P= _ . , , (1)

Ap ' . •

g-- = F,_/_:-:/:_Ar(-'" ,f, (2)
[) a

where W is the ntean vertical veh)city ah)ng the axis ()f the plume, Fo is the rate

()f a(l(liti()n of 1)u()ya.ncy, : is the height (h'()n: the 1)u()yancy source), g is acceler-

at:oil due t() gravity, Ap is the density difference a.t a. 1)oint with r('sl)ect to the

anibieiit density p,, and Aw, Bw are the 1)aranleters whi('h q::antify tit(' Ga.ussian

fit t() the mean veh)city t)r()file, whih' A'r, B'r are the c()rresl)()llding ()nes f()r the

(lensity (or, equivalently, temperature) 1)r()file; i] ret)resents the similarity variable
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q = r/z, where r is the radial distance a.t ally z. For a flow involving sources of

both monlentunl and 1)uoyancy such a.s tile one studied here, it is known that the

buoyancy effects overwhehn the m(mlentum added at the som'ce, typically after an

axial (listance z/LM > 5. whcr('

LAI =M)/4/F_/_ (3)

is the so-called Morton lengthscale. The source iil()llleilt.lllll flux .1,1o and lmoyancy

flux Fo are defined a,s:

31o = 2rr W2 rdr, (4)

f R W9 rd .,
0

Fo = 27r . 5)
,! (1 [) a

where Ro is the source radius.

The forced buoyant phmle has been the object of mmiy experiniental investi-

gations in the past (see List 1982, 12odi 1986 for reviews). Most notable among

the iel)CWted experinients are the ones 1)y Rouse et al. (1952), Nakag,;onie & Hi-

rata (1977), Papanicolaou & List (1988), and Shal)l)ir & George (1994) in that

they report widely different results. The 1)rinla,ry disagreements alnong the vari-

ous experimental results are regar(ling the cent('rline vahles of 111('[t.ll velocity and

buoyancy profiles as well as the I)lulne sl)readillg rate. For examl)le, the sl)read

of reported experinlental vahles (as colnpih'd in Shat)bir & George) are give1: here

inside brackets for the different paraliteters for Gaussian fit of profiles described

al)ove: Aw = (3.4-4.7),Bw = (55-96),Ar = (9.1-14.28),BT = (48--71).

Clearly the scatter is quite large.

The discrepancies between different experinlental data are likely to be due to var-

ions factors, some of which are deta.ih,d 1)clew: (i) boundary effects of the solid wall

lateral boundaries and presence of reverse or c(>-fl(_w can il:fluence the entrailmlent,

(it) nieasurenwnts 1nay not have 1)e('n carried out i:i fltlly developed turbulent region

in some cases, (iii) hot-wire a.nelnometer measurelnents are known to be insensitive

to direction, and therefore the n:easurements lnade outside the half-width of the

ph:me nlay not be reliable in such cases. Since/7o is used to scale for self-silnilarity,

a lot crucially (tel)ca(Is on the accurate deterniination of Fo, the ineasurenwnt of

which, unflwtunat('ly, ('an 1)e influenced by the exl>eri:nental errors. As will be seen

later, the ab()ve illenti(med 1)r()l)lenls with the availal)le exlwrinlental data sonicwhat

constrain the va.lidati(m of numerical predicti(ms nla(te in this study.

2. Accomplishments

2.1 Go'remits, 9 eq'u,ation,_

In the pres(,nt study, we ahn to conlpute the evoluti(m of a circular phune in neu-

tral surroundings with nionlentunl a.nd tmoyancy added only at the source. Since

the density differences away fronl the source of a phmle are known to l)(' small

conll)ar(-,d to anll)ient density, the Boussinesq al)l)roxinmti(m is assunled t.o be vali(l.
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whereby the eIfi'ctsof del:sityvariat.ion_arc m(_d('h'dl)ya source tern: in the mo-

mentum equations. The resultingcquati(ms in the n(m-din:ensional form are given

by:

V.u=O, (6)

Ou 1 Gv0_- + V-(uu) = -Vp+ R:V2u + _0_ _, (7)

O0 1
-- + (u. V)O - V20, (8)
Ot RcPr

where u is the velocity vector, p is pressure, (') = (T - T_, )/(To -T,,) is the ten>

perature difference (where T, T_, To are the absolute temperatures, respectively at

a. give:: point, the ambient and the l)hmle source). The non-diinel:sionalgoverning

paranieters are:

R_ = UoDo/i' = I'leynohlsnumber,

Pr= :,In= Pran(Itlnuml)er,

G r = (_9(To - Ta )D_/,,2 = Grashoff nu:nl_er,

where Uo and Do are respectively the velocity at and diameter of the source, z,

is the kinematic viscosity of the fluid, h the thermal diffusivity, a the coefficient

of thermal expansion, and 9 the acceleration due to gravity. The last term in the

n:omentum equation (7) above is the buoyancy source tern: and acts only along the

vertical z direction.

2.2 N'u,mcr'ical tcchr_,iq'tLe

Following the standm'd a.pl)roa.ch for LES, the a.1)ove equations are passed through

a spatial filter,and the result:legeffectsof the subgrid scales are lnodeled. In

•the'present study, we have used the well-kn(_wn (lynanii("niodel for this imrpose

(Gerniano et a,l. 1990, Lilly 1992).

The spherical polar coordinate system (r, 0, O, ahmg the radial vector, lateral, and

azimuthal directions respectively) is used here since, for the present flow with its

conicalmean growth, a sl_heri('alsystem allows f(>ra well-balanced res(_h:ti(>l:of the

flow fiehlwith a reasonabh" immlwr :_fgrid l_oints.The present computer code isa

modified w'rsion of that develolwd l_yBoersma ct a,l.(1998) for coldjets.The basic

numerical formulation being similar,the reader is referredto the above-mentioned

paper for various implementation details.We willonly describe some fundamental

features of the numerical scheme and also the extensions made in the present study.

Second order acclu'ate finite volunle technique is used t,o al)l)roximate the equa-

tions of motion in space, along with a second order explicit Adaxns-Bashfi)rth scheme

for tin:e-integration. Pressure correcti(m technique is en:ph,yed after each Adams-

Bashfi)rth step in order to ensure that the velocity feld reinaills divergence-fl'ee at

all times. The resultant Poisson equation is solved using fast. Fourier t:'ansfi)rm

ahmg the periodic (0) direction and cyclic reductiox: alox:g the other two directions.

The convective tern: in the telnpera.ture equation is treated using a TVD scheme

(see, e.g., \Treug(lenhill & Koren 1993) in order to kee l) (-) between the bounds 0

and 1.
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2.3 Bo'u,v, dary corMition,_

The flow considered, as nient.i()nc(l ('arlicr, is a f()r(,ed circular buoyant plunle

issuing fl'()nl an ()rift('(' in a wall at th(' 1)ot.t()nl end ()f t.h(' COml)utational donmin;

we a ssunw a tophat velocity 1)rofile. The l)()undary c()nditions at t h(' infl()w are
theref()re:

ur = _'_oco._O in tilt' ()rificc and Ur = 0 els('wh('ro,

u e ---- -Wo._it*8 in the orific(" an(t ue = 0 els(,wh(,r¢'.

u, 0 ---- 0,

@ = 1 in the orifice and (9 = 0 elsewhere,

where I'lo = 1 is the non-dimensional a×ial v('h)('ity in the ()rifice (diamet{'r Do = 1).

Note that u,., ue, u 0 here represent velocity components along; the r, 0, 0 directions

respectively.

At the lateral boundary, the so-called tracti()n-fl'_'e 1)(mndary (-()n(titi()ns are used

(Gresho 1991 ):

(Yii " _ j = (), (9 )

where a,j is th(' stress tens()r, a.nd nj the unit n()rnlal t() the t)()undary. The ad-

vantage of this boundary condition is that entrainment is allowed (Boersma et al.

1998). For temperature, the n()rmal derivative is set t() zero at the lateral l)oundary:

0O
-- = o. (10)

At the outfh)w t)(mn(lary, w(' us(' t h( • s()-('alh_d a(lv('('tiv(' 1)()undary condition, as

in Boersma et al.. Thus, for any vch)city ('()nll)onent u, wc have

Otl Ott

O--t = - IV4 r3r' ( 11 )

where the advective velocity IV,_ is a functi(m of 0 and is ol)tained at each step

by averaging the strea.npaTise velocity along 0 near the outflow donmin an(l s('t.tillg

negative values ()f I'l'4 t() zer(). As mentioned in B()_,rslna ct al. , this outflow

b()undary condition is not entirely satisfact()ry for the t)resent flow. Therefore,

we also add a so-called "buffer zone" near th( _ outflow region where terms similar

to -A(u- ut,,..q(t) are added to the momentum equation in order t.() dam 1) the

turbulence in this regi(m; here A is a space-varying positive tmrameter (A = 1 at the

outflow boundary and decays to 0 outside the buffer zone), and ut,,..q_t is a desired

velocity field. Tyl)ically. an analytically or experimentally d_,riv_'d mean v(q()('ity

field near the <)utfl<)w d(>main is used as ut_,,.,j, i.

2._ Results

The parameters defining the flow in the l)res(_nt c()nlt)utation are chosen s() as

to closely c()rrcsl)ond t() the ('Xl)erimental situation f()r the r()und turbulent buoy-

ant. plume reported in Shabbir & George (1994). Therefore, we use the following

non-dimensional numbers that completely deternfine the flow: Rc = 3500, Pr =

0.7, Gr = 8.575 × 10 _. \\;hite noise with a peak amplitude ()f 0.02 has been added at



all times at the sourcein (n'(lerto mimic the disrurban('esin tile exit 1)r()fil(" rel)orted
in the ext_eriment.

The c(mll)utati(ms are carrie(1 out in a domain that extends t() 50 diameters down-

stream of the source. The domain cnconq)asses a conical volmne of lateral angle

7r/15, with a virtual origin that is 15 diameters upstream of the orifice. This w)lume

is discretized using a grid of size (N,. = 128, No = 40, N o = 32), where N,., No, N o

are the number of finite-volmne cells along the (r, 0, O) directions respectively. The

grid spacing along r increases linearly from 0.1122 near the source to 0.669 near the

outflow boundary. Grid spacing is constant along 0 and 0.

The COmlmtations arc carried (m for 70,000 time-stel)s in the 1)resent study. The

time taken (m a. S-processor SGI Origin 2000 ix of the order of 1 second per step.

In the results presented below, the data from the last 10 diameters are not shown

since tlie effects of outflow boundary conditions and lmH'er zone are likely to be

significant there.

2._. 1 Tf:'m,pe'r'atit, re di._trib'tLtiov,

The distrilmtion of non-dimensi(mal telnl)erature difference (9 in a ]moyant plmne

is an important parameter since it represents the driving f()rce behind the flow, espe-

cia.lly after a few diameters downstreani of the orifice where the effect of initial mo-

mentmn becomes insignificant in conq)a.rison with the buoyancy force. In Fig. l(a),

we present a contour plot of the typical instantane(,us distritmtion of b) ow-r a ver-

t.ical section passing through the axis of the plulne. The contour levels go from 0.1

t.o 1 in st.eps of 0.1. Very ch'arly, high values of (9 are limited t() the region close

to the orifice. Temperature differences higher than 0.2 (the n(m-dimensionalized

temperature difference a.t the source being ® = 1) exist only within the first. 10

diameters or so. After about 20 diameters flom the source, peak (9 anywhere in the

plume has fallen to 0.1 or below, indicating that the Boussinesq apl)roxinmtion is

valid over the self-similar regi(m of the flow, the region of ore" 1)rimary interest.

The lower levels of (9 (those between 0.01 and 0.1) at the same time are high-

lighted in Fig. l(b) in order to complete this instantaneous picture of temperature

(list.ributi(m. The important point t.o note is that there does not appear t(_ be any

"holes" in the telnperature distrilmti(m. ,mlike those reported f(_r passive scalar

(Pa.pantolfiOu & List. 1989). Visual analysis of data indicated similar qualitative

nature of distribution at other tilnes.

2._.2 Stream'wL_c varitttiort of _r_.ov_e%tu.m am,d btt,o?lam,cy fl.tl,zes

The similarity solution for phunes (e.g., Bat cheh,r 1954) suggests that, for an ideal

gas plume in a neutral environment, the buoyancy flux is conserved. The momentum

flux, in comparison, grows with streamwise distance due to entra.inment. Figures

2(a.), for nionlentum flux, and 2(b), fl,i ])uoyancy flux, sh()w that this predicted

behavior is observed in the presently computed results. Note that the quantity F

in the figure represents

,/1_ oF = 2re og(II'AT+ < u,t >)rdr, (12)
•10
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FIC;Ut/E 1. Dist.ribution of ('Omlmted temperature difference O in the` buoyant

plume at a. non-dimensional time of 150: (a.) contour le,vels from 0.1 to 1 in steps of

0.1, (b) contour levels fl'om 0.01 to 0.1 in ste`ps of 0.01. The COmlmtati(mal domain

b(mndarie`s al(mg the lateral direction are als(_ sh(m,n.

whe`r(' < u,f > r('l)r('scnts tile' t.urlmle`nt ('()ntrilmti(m t(, the` total lm()yan('y flux. u,

and t ])e`ing th(' fluctua.ti(ms in t.he` stre`amwisc velocity and te`mperature` r('sl)('ctive`ly.

The tmoyancy flux sh()ws a fall of about 15% in its vahte (with resl)e,ct to that

at th(" source) over the` first. 5 diameters as we` go downstream from the source but

remains quite constant afterwards. This indicates that th(" pre,sent computati(m

quite faithfitlly represents the integral behavi(w of a buoyant plume in the self-

similar region d(m'nstream, where the Boussinesq a.pl)r()ximation is valid. The order

of change in F ove`r z predicted here is similar to that reported in the va.ri(ms

ext)e,riments.

2._.3 Mean flow

The results for strea.mwise` va.riati(m of Ce`llte`rlinc recall velocity I'I._. and te,mpera-

tttre` difference` _T_. are` shown using the` usual non-dim('nsi(mal form (see, e.g., Shab-

bir & George 1994) in Fig. 3 using a h_g-h_g plot. As can be seen very clearly, the

tenq_e,ra.t.urc distribution takes longer to a.ehiev(' se`lf-sinfilarity when c(mlpared to

the' stre`amwise` ve`hwity; thus l'l'_, a.chi('v('s se`lf-similaritv arcntn(l z/]_._l = 6, whe,rea.s
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FI(;IJI/E 2. Stremnwisc variation of radially and azinmthally integrated (a) mo-

nwlltun: a,nd (b)]moyallcy fluxes.

5Tc does st) by z/LM = 15. The scatter in the various reported experiniental data

is quite large, and the present results fall towards the high end of this scatter. The

coniputed streamwise growth rates, however, a.re reniarkal)ly consistent with that

predicted by the theory and experinients.

Next we look a.t the niean radial profiles of < W > and < 5T > at. soine

streaniwise stations in order t() establish the self-similarity of the present computed

results. Figure 4 shows the coniput.ed results along with Ganssian fits of available

experinientat data a.s compiled by Shal>bir & Ge()rge. The conilmtcd velocity profile

closely niatches that given by Rouse c.t al. (1952). is siniilar in wittth compared to

the ones in Pal)anicolaou & List (1988). lint is different fi'oln th()se reported ])y

Shabbir & George (1994) and Nakagonie & Hirata (1977) both in terins of the

width of the profileand the nlaximmn vahw at,the centerline.

The COmlmted temperature profilesdifferfi'om allthe experimental ones in that

the present ones are narrower. The centerline values, however, are close to that

reported by Papanicolaou & List.

2.4.4 Tll,rbulence propertie,_

In Fig. 5, we i)r('s('nt the c(>mputed results for th(' sec()nd order m()m(,nts ()f

fluctuating quantities using s()li(1 curves, a hmg with the eXl)('rimental data from

Shabbir & George (1994) using symbols. The radial profiles ()f turlmlencc stresses

a.t different st.rea:nwise sta.tions ('(mverg(" quit(' well in the time over which they

are averaged and show reasonable collapse when 1)h>tt.ed using similarity variables.

The 1)resent r('sults f()r < ,, '-) > and < uu, > are comparabh" to those obtained by

Shabl)ir & George except fl>r the width of the profih's. N)r the fluctuating stresses

involving tenlperat.urc, however, it. is the nlagnitudc which shows large differences,

consistent with similar relative differences seen for radial mean profih's in Fig. 4

above. However, a few words of caution are in order: such COlnparisons between

filtered stresses (a.s in the present case) with experimental results nmy not be very

:neaningfi:l unless it can be shown that the s:tl.)gt'id stresses are small in c(m:pa.rison.
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FIGURE 3. Normalized mean (a) buoyancy and (b) vertical velocity along the

phune centerline plotted against the nornialized distance :/L,_I Koin the source.

The })old lines tel)resent the present conilmtation. Fits to various experiniental

results are shown using lines with synibols (e : Shabbir & George 1994, A : Pal>an_

icolaou & List 1988, v : Rouse et, al. 1952, o : Nakag<mie & Hirata 1977).
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FIGURE 4. Radial profiles of (a) lli('a.listreamwise vdocity and (b) mean teniper-

ature difference plotted in similarity form. The cOnilmted results at z/D = 15 to

40 at. interval of 5 are shown using b(>ld lines. Tho lines with synil>ols rel)r('sent the

OXlXU'iln_uital data as described in Fig. 3.

3. Conclusions and future plans

In the present preliniinary study, we have shown that reasonable predictions of

the evolution of a turlmlent round Imoyant phune can be ol_tainedby means of LES

with the dynainic subgrid model. The large scatterbetweon availalfleexl)erilnental

data nlakes definitivecomparison difficult.However, the present resultsfallwithin

the scatter region of the exl>eriniental data.

Judging fron: the scatter in various experiinental results, the t_oundary colidi-

tions are likely to play a significant role i:i this flow. The present computations

also bring up various issues rega.rding the imposed conditions along the lateral and
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FI(;UtlE 5. Second order moments plotted in terms ()f silnilarity variables. (a)

the verti('al vel()eity fluctua.ti()ns, (1)) the turl)ulent shear stress, (c) temperature

fluctuations, (d) the vertical turt)ul(,nt heat flux. The lines represent the computed

results at. z/D = 20, 25, 30, 35 and 40: the exl)('riment.al data from Shal)l)ir & George

(1994) ar(' shown Sul)erI)()s('d using [] S';lnl)()ls.

outflow 1)oundaries. The traction-free condition along the lateral boundary can in-

fluence entrainment, and so can the advective condition and 1)uffcr z(me along the

outflow b()undary. What should be the nature of the physically correct t)oun(tary

conditions along such boundaries still remains an open question (see Gresho 1991

in this regard). We 1)lan t.() l)rol)e further into this aspect, and study the effect of

different 1)()mtdary c()nditi(ms. The effect of grid resolution and position of lat('ral

1)(mndaries will also be investigated.

Long term I)lans include LES of plumes in stratified environments and inclusion

of cloud n/odels in such flows.
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